The histone variant H3.3 is implicated in the formation and maintenance of specialized chromatin structure in metazoan cells. H3.3-containing nucleosomes are assembled in a replication-independent manner by means of dedicated chaperone proteins. We previously identified the death domain associated protein (Daxx) and the α-thalassemia X-linked mental retardation protein (ATRX) as H3.3-associated proteins. Here, we report that the highly conserved N terminus of Daxx interacts directly with variant-specific residues in the H3.3 core. Recombinant Daxx assembles H3.3/H4 tetramers on DNA templates, and the ATRX-Daxx complex catalyzes the deposition and remodeling of H3.3-containing nucleosomes. We find that the ATRX-Daxx complex is bound to telomeric chromatin, and that both components of this complex are required for H3.3 deposition at telomeres in murine embryonic stem cells (ESCs). These data demonstrate that Daxx functions as an H3.3-specific chaperone and facilitates the deposition of H3.3 at heterochromatin loci in the context of the ATRX-Daxx complex.
The histone variant H3.3 is implicated in the formation and maintenance of specialized chromatin structure in metazoan cells. H3.3-containing nucleosomes are assembled in a replication-independent manner by means of dedicated chaperone proteins. We previously identified the death domain associated protein (Daxx) and the α-thalassemia X-linked mental retardation protein (ATRX) as H3.3-associated proteins. Here, we report that the highly conserved N terminus of Daxx interacts directly with variant-specific residues in the H3.3 core. Recombinant Daxx assembles H3.3/H4 tetramers on DNA templates, and the ATRX-Daxx complex catalyzes the deposition and remodeling of H3.3-containing nucleosomes. We find that the ATRX-Daxx complex is bound to telomeric chromatin, and that both components of this complex are required for H3.3 deposition at telomeres in murine embryonic stem cells (ESCs) . These data demonstrate that Daxx functions as an H3.3-specific chaperone and facilitates the deposition of H3.3 at heterochromatin loci in the context of the ATRX-Daxx complex.
histone H3.3 | epigenetics | ES cell | heterochromatin T he assembly of chromosomal DNA into nucleosomes represents the most fundamental step in the formation of eukaryotic chromatin structure. The deposition, remodeling, and eviction of nucleosomes have been shown to be important for a variety of DNA-templated processes such as replication, repair, and transcription. Histone deposition pathways are thought to play a critical role in the establishment and maintenance of epigenetic information encoded by histone modifications, nucleosome positioning, and higher-order chromatin structure (1) (2) (3) . An additional layer of epigenetic regulation is achieved by the use of histone variants: paralogs of the core histones genes H3, H4, H2A, and H2B that have diverged from their canonical counterparts in primary structure and function.
In addition to a centromeric version, mammalian genomes encode three H3 variants. Histones H3.1 and H3.2 are primarily expressed in S-phase, whereas the H3.3 variant is expressed throughout the cell cycle. For its universal role in proliferating and nondividing cells, the function of H3.3 has been studied in a wide range of cell types and organisms (4) . Differences in H3.3 and the canonical H3 species are confined to one residue in the histone tail and a cluster of three residues in the core histone fold. The three amino acid variations in the histone fold have been shown to be necessary for H3.3 replication-independent incorporation into chromatin (5, 6) . Higher eukaryotes utilize separate chaperones and deposition pathways for the different histone H3 variants, and previous work identified two major pathways: replication-coupled deposition of H3.1/H3.2 by the CAF1 complex, and replication-independent deposition of H3.3 by the HIRA complex (6) (7) (8) While originally associated with euchromatic sites of active transcription, H3.3 has recently been found associated with regulatory elements and constitutive heterochromatin at telomeres (9) (10) (11) (12) . We previously found that HIRA is required for localization of H3.3 to actively transcribed regions, while ATRX is essential for H3.3 incorporation at telomeres. Apart from ATRX, we also identified Daxx in H3.3 immunoprecipitations (IP) (9) . Daxx and ATRX have been shown to form a complex (13) and colocalize at pericentric heterochromatin and promyelocytic leukemia bodies (PML bodies) (14, 15) . Loss of ATRX leads to epigenetic alterations, including abnormal levels of DNA methylation at repetitive elements such as telomeres in murine cells (16) . Moreover, ATRX and H3.3 have essential roles in maintaining telomere chromatin (9, 17) .
To gain further insight into H3.3-specific deposition pathways, we sought to identify the direct binding partner of H3.3. Here we show that Daxx binds directly to H3.3, and importantly, this binding is specific for H3.3 and not H3.1. We find that Daxx alone, or when present in the ATRX-Daxx complex, can effectively assemble H3.3-containing nucleosomes. Additionally, we show that ATRX recruits Daxx to telomeres, and both complex subunits are required for H3.3 deposition at telomeric chromatin in murine ESCs.
Results
Daxx Associates Specifically with H3.3. Having identified Daxx and ATRX as novel H3.3-associated factors, we wanted to determine if either of these polypeptides bound directly to H3.3 but not to H3.1. Using HeLa cells lines that stably express FLAG-HAtagged H3.1 or H3.3 (hereafter e-H3.1 and e-H3.3) (6), we isolated minimal H3.1 and H3.3-containing complexes by tandemaffinity purification from soluble nuclear extract with a series of stringent salt washes of up to 1 M NaCl (Fig. 1A) . After sequential anti-FLAG and anti-HA IP, we consistently recovered a single polypeptide band of ∼100 kD apparent molecular weight that copurified with H3.3 but not H3.1 (see arrowhead next to lane 4); mass spectrometric analysis of this band yielded a significant number of peptides matching Daxx. As reported previously (6), we also detected HIRA in the first H3.3 co-IP step (Fig. S1 ). While we recently found ATRX associated with H3.3 in wholecell preparations (9) , it was only weakly associated with H3.3 in soluble nuclear extracts (Fig. S1) .
As the tandem-affinity chromatography was performed on nuclear extracts that did not contain chromatin, we reasoned that the H3.3 and H3.1 complexes purified from these soluble nuclear extracts likely represent a pool of predeposition histones. We also sought to identify proteins that were enriched with H3.3 in the chromatin fraction. To this end, we solubilized oligonucleosomes from the tagged cell lines by brief digestion with micrococcal Author contributions: P.W.L., S.J.E., and C.D.A. designed research; P.W.L., S.J.E., K.-M.N., and S.C.S. performed research; P.W.L., S.J.E., K.-M.N., and S.C.S. analyzed data; and P.W.L., S.J.E., and C.D.A. wrote the paper. nuclease (MNase) and isolated H3.1-and H3.3-enriched chromatin by FLAG IP (Fig. 1B) . By immunoblot analysis, we found that both Daxx and ATRX were associated with H3.3 but not H3.1 chromatin (Fig. 1C) . The p150 subunit of the replication-coupled Chromatin Assembly Complex (CAF) was found primarily but not exclusively associated with the H3.1-associated fraction. The histone chaperone ASF1 was found in both e-H3.1 and e-H3.3 eluates.
We further fractionated proteins associated with H3.3 chromatin using Mono Q anion-exchange chromatography (Fig. 1D ). Immunoblot analysis of the column fractions revealed two biochemically distinct populations of Daxx. The majority of Daxx eluted from the Mono Q column at ∼0.4 M KCl, (complex I). While this fraction contained H3.3 we did not detect any ATRX by immunoblot. The second population of H3.3-bound Daxx eluted from the Mono Q column at higher salt (0.75 M KCl). These fractions contained Daxx, ATRX, and H3.3 (complex II).
The isolation of two distinct populations of Daxx provided further evidence that Daxx is the direct binding partner of H3.3. In order to determine if Daxx was bound to H3.3 in complex I, we performed HA-IP with pooled fractions and immunoblotted for Daxx (Fig. 1E) . We found that Daxx coimmunoprecipitated H3.3 in these fractions.
We failed to detect H2A, H2B, or endogenous untagged histone H3 in the Mono Q fractions that contained complex I. Immunoblot and silver stain analysis indicated that only epitope tagged-H3.3 and endogenous H4 are present in complex I (Fig. 1E ). Because untagged H3 was not associated with Daxx, we concluded that the H3.3-Daxx predeposition complex includes a heterodimer of H3.3/H4. Consistent with this result, others had previously described purified predeposition complexes (e-H3.1 and e-H3.3) that contained H3/H4 heterodimers (6 Fig. 2A) .
The 740 amino acid human Daxx is comprised of an N-terminal, overall basic (pI 9.3), alpha-helical domain and an S/P/T-rich C-terminal fold connected by a likely unstructured highly acidic linker region (Fig. 2B) . The N-terminal domain contains a highly conserved region found in all metazoan Daxx proteins (amino acids 183-417) with no homolog in yeast (Fig. S2B) . The Glu/ Asp-rich linker between N-and C-terminal domain is resembling similar acidic stretches found in many histone chaperones including NAP1, Asf1p, Rtt106, Vsp75, FACT, CAF-1p150. Additionally, two hydrophobic motifs at the far N and C termini are conserved in vertebrates (Fig. S2A ).
Guided by conserved domains and secondary structure prediction, we designed a set of GST-fusion proteins that covered the N-and C-terminal domains. GST pull-downs with the Daxx fusion proteins and recombinant H3.3/H4 or H3.1/H4 were performed (Fig. 2C) . We found that the fusion proteins containing the highly conserved region in the N terminus of Daxx all bound specifically to H3.3/ H4. We termed this region the "histone-binding domain" (HBD) of Daxx. As a control, we found that a recombinant GST-Asf1a protein bound equally well to both H3.1/H4 and H3.3/H4 (Fig. 2C) .
We further investigated the Daxx-H3.3 interaction by making a series of "tailless" recombinant H3.3/H4 (Fig. 2D ). We found that the Daxx HBD fusion protein bound effectively to all H3.3/ H4 tail deletions constructs (Fig. 2E ), indicating that Daxx contacts H3.3/H4 via the histone globular domain. Furthermore, the Daxx HBD did not bind to the H2A/H2B dimer (Fig. 2E ).
H3.1 and H3.3 differ in sequence at five residues; four residues found within the histone-fold domain and an A31S substitution in the unstructured N-terminal histone tail. Three substitutions are clustered at the base of helix 2 of the histone fold, and these residues were previously shown to confer binding specificity for particular histone deposition pathways (5, 6) (Fig. 2B ). In order to identify which of the five residues are responsible for differential binding by Daxx, we constructed a series of single point mutations in the unique H3.1 or H3.3 residues. Each of these mutant H3/H4 complexes was subject to co-IP with recombinant full-length Daxx (Fig. 2F ). We found that no single point mutation in H3.1 conferred markedly increased binding to Daxx. Similarly, we found that no single mutation in H3.3 abrogated binding to Daxx, demonstrating that single point mutations had little effect on the overall interaction. Mutants in position 31 had no effect on Daxx binding to H3.3, signifying that the primary mode of recognition occurs via the globular domain. Mutation of H3.3 Gly 90 to Met (the residue present in H3.1) had the largest single effect on Daxx binding.
To directly test if the interaction between Daxx and H3.3 occurs via the unique "AAIG" motif at the base of H3.3 helix 2, we performed pull-downs with peptides that corresponded to the residues 80-94 and from 86-97 of either H3.1 or H3.3 (Fig. 2D) . Peptides corresponding to residues 80-94 of H3.3, but not H3.1, bound effectively, indicating that this region is necessary and sufficient for interaction with Daxx (Fig. 2G) . H3 peptides spanning residues 86-97 failed to interact with Daxx in the pull-down assay. Daxx Is a Histone H3.3-Specific Chaperone. The purification of Daxx in a nucleoplasmic complex with H3.3/H4 indicated that Daxx might act as a histone chaperone for the deposition of newly synthesized H3.3. We saturated Daxx with excess H3.3/H4 and purified a stable stoichiometric complex over a Mono Q ion exchange column (Fig. 3A) . Next, we added this complex to a relaxed plasmid template and found that it induced supercoiling in a concentration-dependent manner. The decreased mobility of the products in the presence of chloroquine indicated negative supercoiling characteristic for H3/H4 deposition onto the plasmid (Fig. 3B) . Furthermore, a 148 bp DNA fragment formed a tetrasome upon addition of the Daxx-H3.3/H4 complex as indicated by a characteristic shift in electrophoretic mobility of the DNA and comigrating H3.3 (Fig. 3C) . These results show that Daxx has intrinsic histone chaperone activity. Given the marked specificity of Daxx for H3.3 in our in vitro binding experiments, we wondered if its histone chaperone activity would be specific to H3.3, as well. We performed plasmid supercoiling assays as described above, but with purified Daxx (Fig. 3D) and H3.1 or H3.3 (Fig. 3E) . While Daxx promoted some chromatin assembly in the presence of both H3.1/H4 and H3.3/ H4, it proved more efficient in depositing H3.3/H4 tetramers (Fig. 3F) . In contrast, NAP-1-mediated assembly was equally efficient with H3.1/H4 (Fig. S3) . We therefore identified Daxx as a bona fide histone chaperone with intrinsic preference for H3.3.
The ATRX-Daxx Complex Has Chromatin-Remodeling and H3.3-Deposition Activity. ATRX localizes to telomeric chromatin, and ATRX-/-ESCs fail to incorporate H3.3 into telomeres, suggesting that ATRX plays a direct role in incorporating H3.3 into chromatin (9). SNF2-family chromatin-remodeling proteins such as ATRX use ATP hydrolysis to translocate nucleosomes in cis along the DNA (18) . Additionally, CHD1 and ISWI family remodelers function alone or in the context of protein complexes to facilitate the assembly of extended, periodic nucleosome arrays (19, 20) . To investigate the histone deposition properties of the ATRX-Daxx complex, we performed chromatin assembly assays with a completely purified system containing recombinant ATRX-Daxx, recombinant Daxx and recombinant H3.1/H4, H3.3/H4, and H2A/H2B, and a DNA template that contained a series of tandem Sea Urchin 5S rDNA nucleosome positioning sequences. Micrococcal nuclease (MNase) digestion was used to analyze the reaction products for nuclease-protected mono-or oligonucleosomal fragments (Fig. 4 C and D) . While we demonstrated above that Daxx has intrinsic histone deposition activity (Fig. 3) , this analysis revealed that the ATRX-Daxx complex catalyzes the formation of extended nucleosome arrays (Fig. 4D) . We compared the assembly activity of the ATRX-Daxx complex to recombinant human ACF complex and human NAP1. We found that the ATRX-Daxx complex assembled H3.3-containing nucleosomes to a greater extent than H3.1 nucleosomes, whereas ACF and NAP1 assembled both H3.1 and H3. assembly in the absence of Daxx could not be assessed because we were unable to purify recombinant full-length ATRX alone. In the absence of nucleosome positioning sequences, we failed to observe evenly spaced nucleosomes on a DNA template. Therefore, the ATRX-Daxx complex does not contain nucleosome spacing activity like ISWI or CHD1. The enhanced deposition of nucleosome arrays suggested that the ATRX-Daxx complex contains remodeling activity in addition to its histone deposition activity. Previously, purified ATRX-containing complexes have been shown to have DNA-stimulated ATPase, DNA translocase, and chromatin-remodeling activities (13, 21, 22) . The p185 isoform of Drosophila ATRX homolog (XNP) was found in complex with HP1, and exhibited in vitro chromatin-remodeling activity (22) . We investigated whether the ATRX-Daxx complex could mobilize a positioned H3.3-containing nucleosome. Remodeling assays were performed with a 194-bp DNA template that contained a nucleosome positioning sequence. An H3.3-histone octamer was assembled onto the DNA and incubated with ATRX-Daxx and ATP. Analysis of the remodeled substrate by native gel electrophoresis indicated that the ATRX-Daxx complex could effectively mobilize the nucleosome along the DNA template (Fig. 4E) .
Daxx Is Required for H3.3 Deposition at Telomeres. Previously, we found that ATRX-/-ESCs exhibited a dramatic loss of H3.3 found at telomeres, indicating that ATRX may have a direct role in the incorporation or maintenance of H3.3-containing nucleosomes (9) . We sought to determine if Daxx, like ATRX, is important for H3.3 deposition at telomeres.
We have previously described the use of zinc finger nucleases to generate murine ESC lines that carry one H3.3B allele tagged with a C-terminal HA epitope (9) . We targeted the H3.3B locus in 129∕SvEv ESCs and Daxx-/-ESCs to generate cell lines that contained one HA-tagged allele of H3.3B. The Daxx-/-ESCs were generated from the 129∕SvEv cell line (23) . Immunoblot analysis of extract from the H3.3-HA-tagged ATRX-/-, Daxx-/-, and C6 ESCs indicated that levels of H3.3-HA were similar between the cell lines. Interestingly, we found that ATRX levels were reduced in Daxx-/-ESCs, suggesting that Daxx may be required for ATRX protein stability or expression (Fig. 5A) .
Immunoprecipitation of H3.3-HA was performed from nuclear extract from these cell lines (Fig. 5B) . We found that H3.3-HA could efficiently co-IP Daxx in ATRX-/-cells, suggesting that ATRX is not required for Daxx interaction with H3.3. ATRX also failed to co-IP with H3.3-HA in Daxx-/-ESC. These data are consistent with our previous experiments that indicated a direct contact between Daxx and H3.3. Interestingly, the CAF1 p150 signal increased in Daxx-/-cells, suggesting that in the absence of Daxx, H3.3 may associate with other histone chaperone complexes.
We performed ChIP on H3.3-HA in the Daxx-/-ESCs to determine if Daxx, like ATRX, is required for H3.3 deposition at telomeres (Fig. 5C ). The H3.3 signal was decreased to a similar degree in both ATRX-/-and Daxx-/-ESCs. We performed ChIP with Daxx antiserum and found that Daxx was bound to telomeric chromatin in wild-type murine ESCs (Fig. 5D) . Daxx failed to ChIP to telomeric chromatin in ATRX-/-ESCs, suggesting that ATRX is required for targeting Daxx and H3.3 to telomeric chromatin. We therefore conclude that the ATRX-Daxx complex localizes to telomeres and directly mediates H3.3 deposition at telomeric chromatin.
Discussion
Daxx Is a H3.3 Chaperone. We demonstrated that Daxx forms stable complexes with H3.3/H4 but not with H3.1/H4. We assessed Daxx histone chaperone activity alone and coupled to ATP-dependent remodeling by ATRX and have observed preference for H3.3 in both deposition assays. Similar H3.3-specificity has been observed in a minicircle assembly assay (24) .
We identified a minimal 234 amino acid segment of Daxx that specifically interacts with H3.3/H4. The histone-binding domain also represents the most highly conserved segment of Daxx, suggesting that the H3.3-specific binding and chaperone activity may be conserved among Daxx homologs. Besides a poly-Glu/Asp acidic stretch, the Daxx histone-binding domain lacks sequence homology with any known histone-binding proteins, suggesting that the Daxx contains a novel histone chaperone domain (Fig. S2) .
We have shown that Daxx distinguishes histone H3 variants through direct interaction with the variant-specific residues 87-90 in the core histone fold of H3.3 (Fig. 2 F and G) . The three unique residues in the H3.3 "AAIG" motif cooperatively confer specificity for binding as single point mutants only have a modest effect. Our in vitro binding data closely resembles the composite specificity for replication-independent H3.3 deposition observed in Drosophila cells (5) . While specific binding was achieved with a 15-residue peptide, it is conceivable that other surfaces of H3.3/ H4 contribute to the overall binding affinity. These shared regions likely account for the residual binding to H3.1/H4 observed in all in vitro assays. We speculate that selectivity is enhanced in vivo by the existence of competing chaperone complexes and deposition pathways. In agreement with such a model, we found more H3.3 associated with CAF-1 in Daxx-/-ESCs (Fig. 5B) . Our previous ChIP-Seq studies indicated that H3.3-nucleosomes at telomeres and transcription factor binding sites (TFBS) were deposited independently of the HIRA chaperone (9) . While the ATRX-Daxx complex may account for the HIRA-independent H3.3 deposition at telomeres, the factors involved in H3.3 deposition at TFBS remain unknown. Our purification of H3.3-bound proteins from cell extracts yielded two biochemically distinct Daxx populations. We speculate that Daxx may be recruited to TFBS and other genomic loci for assembly of H3.3-nucleosomes in an ATRX-independent manner.
Although Daxx has been studied extensively in many systems, its function in transcriptional regulation is not well understood. In light of our findings, the mechanism by which Daxx influences transcription may be directly linked to H3.3 deposition activity at TFBS or other regulatory elements.
ATRX Has Nucleosome Remodeling Activity. We demonstrated that recombinant ATRX-Daxx complex has chromatin-remodeling activity and can assist Daxx in the assembly of H3.3-nucleosomes. Previously, immunoprecipitated human ATRX was shown to exhibit DNA translocase activity and a mononucleosome disruption activity that was focused near the DNA entry/exit site (21) . The deposition of H3.3/H4 by Daxx, followed by the mobilization of H3.3-nucleosomes by the ATP-dependent remodeling activity of ATRX may serve important roles in the formation of higherorder chromatin structure. Human ATRX is a homolog of the repair and recombination protein, RAD54. Recent in vitro studies found that other human RAD54 homologs displayed similar remodeling activities to ISWI proteins that remodel near the nucleosome entry and exit sites (25, 26) . These data are consistent with a model whereby ATRX and RAD54 family remodeling proteins mobilize the histone octamer, as opposed to catalyzing the formation of DNA loops on the nucleosome surface.
ATRX-Daxx Complex May Assemble Specialized Heterochromatin. Our ChIP results indicate that the ATRX-Daxx complex is present at telomeric chromatin in murine ESCs (Fig. 5C) . Moreover, we show that Daxx localization to telomeres is dependent on ATRX, suggesting that ATRX may be involved in recruitment of the complex to telomeres. While Daxx histone chaperone activity is sufficient to assemble chromatin in vitro, H3.3-deposition at telomeres is additionally dependent on ATRX (Fig. 5D) , suggesting a dual role in both complex recruitment and ATP-dependent chromatin remodeling.
In differentiated cells, H3.3 has been found to localize to pericentric chromatin (10, 27) . Recent work performed in murine embryonic fibroblasts (MEFs) found that H3.3 is deposited at pericentric DNA repeats in an ATRX-Daxx-dependent manner (24) ATRX-Daxx also localizes to PML bodies, and ATRX has been shown to colocalize with heterochromatin on both the inactive-X chromosome and Y-chromosome in mice (28, 29) . These findings raise the intriguing possibility that the ATRXDaxx complex may serve as a specialized chromatin assembly pathway for repetitive regions such as telomeres, centromeres, and other regions of constitutive heterochromatin. In agreement with this model, ATRX-depleted cells display centromere dysfunction exhibited by defective sister chromatid cohesion at the metaphase plate, as well as abnormal chromosome alignment (30, 31) . Furthermore, cells from ATR-X syndrome patients display altered pericentric DNA methylation (15) , and ESCs depleted for ATRX or H3.3 exhibit signs of telomere dysfunction (9, 17) . Also, Drosophila xnp mutants display a position-effect phenotype (PEV) and have defects in pericentric heterochromatin (22, 32, 33) .
Replication-independent H3.3-deposition is often associated with regions of high nucleosome turnover rate (1, 4) . The replication-independent histone deposition complexes may therefore help to fill nucleosome-free regions created by RNA polymerase passage and ATP-dependent remodeling at transcribed genes and enhancer elements. Both telomeric and centromeric sequences are transcribed to produce long noncoding RNAs (34, 35) . Telomere repeat-containing RNAs (TERRA) appear to affect telomere structure and replication (34) , and centromeric RNA is important for pericentric heterochromatin formation (36) . While heterochromatic regions are generally considered to have slow histone exchange rates, the intrinsic repetitive features of telomeric and centromeric DNA may promote nucleosome instability. Indeed, telomere repeats have a low propensity to form nucleosomes in vitro (37) , and deposition of H3.3 outside of S-phase may help maintain a proper nucleosome density for heterochromatin formation.
Recruitment of the ATRX-Daxx Complex. In addition to the chromatin-remodeling SNF2-like ATPase domain, ATRX contains an N-terminal ATRX-DMNT3L-DNMT3A (ADD) domain that consists of an N-terminal GATA-like zinc finger and a PHD finger. The ADD domain of DNMT3A and DNMT3L preferentially interact with the unmodified extreme N terminus of histone H3 (38, 39) . Although the specific binding ligand is unknown, the ADD domain may serve to recruit or stabilize the ATRX-Daxx complex on a nucleosomal template for remodeling and histone deposition. Both telomeres and pericentric regions are enriched in DNA methylation and heterochromatin histone modifications such as H3K9me3 and H4K20me3 (34, 40) , and these modifications may recruit the ATRX-Daxx complex to facilitate H3.3 deposition. In support, loss of the H3K9me3 methyltrans- ferase, Suv39h1, had similar phenotypes as a reduction of ATRX, Daxx, or H3.3: abnormal telomeres, aberrant chromosome segregation and premature sister chromatid separation (41, 42) . In addition to histone modifications, DNA methylation may be a means to recruit ATRX-Daxx to specific genomic loci. DNA methylation may also contribute to the recruitment of ATRX-Daxx through an interaction with the methyl-CpG binding protein 2 (MeCP2) (15) .
Functional Significance of H3.3 Incorporation. Viewed in a broader context, our results raise the question of whether newly incorporated H3.3 serves a specialized role beyond simply replacing the "old" histone H3. While it has been proposed that H3.3 nucleosomes are intrinsically less stable (43) and promote transcription (44) , the exact role of transcription in heterochromatin still remains unclear and poorly defined. Others and we have observed mitotic phosphorylation of H3.3 S31 at ESC telomeres as well as pericentric heterochromatin of differentiated cells (10, 27) . Notably, S31 is unique to H3.3 as substituted by Ala in H3.1/2 making this heterochromatin-associated mark strictly dependent on H3.3 incorporation. Future studies will elucidate these unexpected heterochromatic functions of histone variant H3.3, initially discovered as a marker of "active" chromatin.
Materials and Methods
e-H3/H4 complexes were purified from nuclear extracts via FLAG/HA tandemaffinity purification and analyzed by SDS/PAGE. Deposition assay: H3/H4 tetramers and Daxx were mixed and incubated on ice for 30′. Prerelaxed pBluescript II KSþ was added in the presence of Topoisomerase and incubated 90 min at 37°C. The assembly reaction was analyzed by agarose gel electrophoresis. Nucleosome assembly: Histone chaperones complexes were mixed with H3/H4 tetramers. pG 5 ML was added to the reaction. The reaction was incubated at 30°C for 4 h with an ATP regenerating system. H2A/H2B were added to the reaction during incubation. Resulting chromatin was analyzed by MNase digestion. Detailed information regarding the reagent assembly and assay conditions can be found in SI Materials and Methods.
